Abstract: Alcoholic liver disease (ALD) is a leading cause of morbidity and mortality worldwide. It ranges from fatty liver to steatohepatitis, fibrosis, cirrhosis and hepatocellular carcinoma. The most prevalent forms of ALD are alcoholic fatty liver, alcoholic hepatitis (AH) and alcoholic cirrhosis, which frequently progress as people continue drinking. ALD refers to a number of symptoms/deficits that contribute to liver injury. These include steatosis, inflammation, fibrosis and cirrhosis, which, when taken together, sequentially or simultaneously lead to significant disease progression. The pathogenesis of ALD, influenced by host and environmental factors, is currently only partially understood. To date, lipopolysaccharide (LPS) translocation from the gut to the portal blood, aging, gender, increased infiltration and activation of neutrophils and bone marrow-derived macrophages along with alcohol plus iron metabolism, with its associated increase in reactive oxygen species (ROS), are all key events contributing to the pathogenesis of ALD. This review aims to introduce the reader to the concept of alcohol-mediated liver damage and the mechanisms driving injury.
Introduction
Alcoholic liver disease (ALD) is a leading cause of morbidity and mortality worldwide. It ranges from fatty liver to steatohepatitis, progressive fibrosis, cirrhosis and hepatocellular carcinoma. ALD refers to a number of symptoms/deficits that contribute to the ever-degrading state of the liver. These include characteristic features such as steatosis, inflammation, fibrosis and cirrhosis, which, when taken together, either sequentially or simultaneously account for the progression of liver disease [1] . The most prevalent forms of ALD are alcoholic fatty liver, acute and chronic alcoholic hepatitis (AH) and alcoholic cirrhosis. Disease progression occurs as patients continue to drink. Ethanol can interact with other risk factors to contribute to other forms of liver disease such as viral Hepatitis B or C [2] and non-alcoholic steatohepatitis, substantially increasing the risk to develop liver cirrhosis. Three candidate genes, patatin-like phospholipase domain-containing protein 3, transmembrane 6 superfamily member 2 and membrane-bound O-acyltransferase domain-containing 7, have been identified to play a role in the susceptibility of developing alcohol-related liver injury [3, 4] . However, the complex pathogenesis of ALD influenced by host and environmental factors is currently only partially understood. To date, lipopolysaccharide (LPS) translocation from the gut into the portal blood, aging, gender differences, increased infiltration of neutrophils and bone marrow-derived or peritoneal macrophages, along with alcohol plus iron metabolism, both of which increase reactive oxygen species (ROS) production, are considered key events contributing to the pathogenesis of ALD.
Alcoholic Cirrhosis
Excess alcohol consumption is the most frequent cause of cirrhosis in Europe [20] . In the United States, the prevalence of cirrhosis is 0.27%, corresponding to 633,323 adults in 2015 [21] , higher than previously estimated. Thus, liver cirrhosis is an important public health concern and a significant cause of morbidity and mortality worldwide. In most cases, in addition to alcohol consumption, lifestyle, gender, ethnic and socioeconomic factors may contribute or synergize in the progression of the disease.
In patients with decompensated ALD, cirrhosis is more frequent and features of hepatocellular damage, lobular inflammation, hepatocellular ballooning degeneration and hepatocyte drop-out, megamitochondria and the appearance of Mallory-Denk bodies are more dominant [18] . Liver cirrhosis leads to severe complications, such as variceal bleeding, ascites and hepatic encephalopathy.
When cirrhosis occurs, the sinusoidal space ensuring blood supply to the parenchyma decreases, sinusoidal endothelial cell fenestrations collapse and numerous new vessels formed around the cirrhotic nodules bypass the obstructed normal route. This vascular proliferation contributes to the remodeling of the liver architecture, collateral flow and portal hypertension. The latter is a frequent and severe complication of cirrhosis, a leading cause of death and an indicator for liver transplantation [22] .
Key Players in ALD

ROS and Lipid Peroxidation
Oxidant stress plays a dominant role in the pathogenesis of ALD, as multiple studies have shown that generation of ROS is key for the progression of fatty liver to steatohepatitis and cirrhosis [23] [24] [25] [26] [27] . They induce pathological changes such as steatosis, inflammatory cell infiltration, hepatomegaly, fibrosis and cirrhosis [28] . Over time, these cellular events increase and, again, the only well-established treatment is abstinence.
There are three main alcohol metabolic pathways in the liver: alcohol dehydrogenase (ADH) [29] , microsomal ethanol oxidation system (cytochrome P450 2E1) [30] and catalase [31] . Under conditions of chronic alcohol intake, the microsomal cytochrome P450 becomes activated and produces large amounts of aldehyde, 1-hydroxyethyl radical and other free radicals [32] . Once generated, free radicals interact with polyunsaturated fatty acids found in membranes throughout the cell and its components, generating lipid peroxidation end-products and protein adducts. Over time, they lead to necrosis and, ultimately, significant liver damage [33] .
A healthy liver can metabolize alcohol through a series of steps that result in an increase in fat and acetyl-CoA, which, in turn, up-regulate mitochondrial metabolism to compensate for the biochemical changes. The intermediary steps require the consumption of oxidized nicotinamide adenine dinucleotide (NAD) + and reduced nicotinamide adenine dinucleotide (NADH) to allow ADH to break down alcohol into acetaldehyde and subsequently undergo oxidation via aldehyde dehydrogenase (ALDH2) to convert acetaldehyde to acetic acid. This process varies depending on gender-low ADH activity in women-and alters the ratio of NAD + /NADH leading to accumulation of acetyl-CoA and fat [28] . The oxidative metabolism of alcohol alters the NAD + /NADH ratio by increasing the amount of NADH, a phenomenon typically called "swift increase in alcohol metabolism" [34] . As a result, fatty acid oxidation is blocked and the liver experiences an increase in lipogenesis, causing the mitochondria to try to compensate [35] . Lieber and colleagues have meticulously described the precise mechanism whereby alcohol induces toxicity in the liver [36, 37] , reinforcing that continuous exposure of hepatocytes to ethanol activates complex signaling pathways that lead to liver injury and death. Thus, ethanol metabolism directly impairs hepatocyte function, leading to lipid accumulation and apoptosis, both of which are associated with ALD [38] .
Sex Differences
Sex is one of many factors that influences alcohol oxidation [39] . The presence of acetaldehyde in the blood depends on the ability of ALDH2 to metabolize it, which is sex-dependent. Animal studies have shown marked sex differences in hepatic ADH activity [40] , being up to 100% higher in females than males. This leads to an arterial acetaldehyde burst shortly after alcohol consumption and enhanced vulnerability of women to develop ALD. Despite the knowledge that women are at higher risk of ALD, numerous questions about sex differences in ethanol metabolism and the role of ADH isoforms on different populations are still open.
Aging
Aging is the deterioration found in all organisms and contributes to increased susceptibility to any disease. Individuals face a number of insults over the course of their lifespan and the unique combination of changes allows one disease over another to manifest. This holds true in the liver as indeed it aggravates ALD. Changes in the liver can be associated with cell death, ROS damage to DNA and proteins, as well as the appearance of mutations or instability and changes in the composition of the lipid bilayer and lipid rafts. A study looking at mitochondrial DNA (mDNA) damage, found that just 3% of non-alcoholic patients had significant changes in their mDNA; yet, 24% of alcoholic patients had mDNA deletion and 85% of patients with microvesicular steatosis had at least one deletion with many individuals having several [41] . Therefore, alcohol is believed to be primarily responsible for these differences and can be explained by the increase in oxidative stress building up and causing increasingly more mDNA mutations. Each of these mutations only affects a small number of mitochondria at a time; with persistent damage it can culminate in impaired mitochondrial efficiency and oxidative phosphorylation. The depletion of energy impacts the cell function and can initiate an inflammatory or oncogenic response. Mansouri et al. [41] show that this increased stress induces more mutations, specifically deletions and rearrangements of the mDNA. Patients that have these mDNA deletions are often found to have microvesicular steatosis that can be fatal [42] . Interestingly, they are largely not found in age-matched non-alcoholic patients.
The liver undergoes a number of changes as it ages, including hepatocytes presenting an unhealthy phenotype, lower proliferative potential, increase in fat and cholesterol, reduced low-density lipoprotein (LDL) metabolism and inflammation [43, 44] . A protein recently of interest as a potential therapeutic target for the treatment of ALD is sirtuin-1 (SIRT1), a histone deacetylase known to be involved in lipid accumulation and metabolism. Ramirez et al. [43] have shown that in aged mice fed with an ethanol-plus ethanol binge(s) diet, SIRT1 decreased in both hepatocytes and hepatic stellate cells (HSC), contributing to significant liver injury and fibrosis. SIRT1 has been shown to play a protective role against ALD and non-alcoholic fatty liver disease (NAFLD) by changing the acetylation status of target molecules to seemingly inhibit inflammation and steatosis. Similar results have been observed in older patients who also experience less blood flow through the liver, decreased liver volume by 20-40% and tend to take medications contraindicated with alcohol consumption [45] . All these factors make the liver of these patients more susceptible to ALD.
Increased production of ROS in the presence of alcohol results in mitochondrial damage coexisting with depletion of the antioxidant defense, especially glutathione. In addition, aging increases gut leakiness due to loss of transepithelial electrical resistance [46, 47] . Increased permeability induces bacterial and LPS translocation and activation of resident Kupffer cells (KC) to clear circulating LPS [44] . Although several events have been identified to be responsible for the increased susceptibility of aged livers to ALD, the exact underlying mechanisms are still unclear.
Iron
Iron is essential for life in all mammalian organisms as it is a co-factor of various proteins, enzymes and reactions. It has a key role in oxygen transport and in enzymes involved in mitochondrial respiration, DNA biosynthesis and the citric acid cycle through its ability to change its redox state [48] . Since iron has a limited capacity to be excreted, it can build up in the body with potential lethal consequences. Because iron is a very potent oxidant, excess iron is sufficient to worsen and accelerate the course of ALD since iron-induced oxidative damage of macromolecules by ROS (produced by the Fenton reaction [49] ) leads to lipid peroxidation and to the release of toxic long-lived lipid peroxidation by-products [50] , which bind and damage proteins and DNA by forming protein or DNA adducts [51] . Likewise, plasma membrane damage, increase in lysosome instability, decrease in cytochrome activity and mitochondrial damage are the main targets of iron toxicity.
Hepatic iron overload has been reported in patients with advanced ALD as it hits the liver in concomitance with alcohol and ROS. Iron favors synthesis of cytokines and other fibrogenic or hepatotoxic mediators. However, it is not definitively known whether it is the effect of alcohol that is responsible for such overload [52] . Considering that hepcidin expression in the liver inhibits iron absorption from the diet and the release of iron from its storage, it is feasible that modulation of hepcidin synthesis and activity or hepcidin hormone-replacing strategies may become therapeutic options for patients with ALD in the future [53] .
Inflammation
Neutrophils
Many insults can lead to liver injury. Due to its great replicative ability, the liver can restore to its normal state on its own. But with extended exposure to a stressor, the liver loses the ability to cope. After the initial insult resulting in injury, proinflammatory cells increase or extravasate into the liver and exacerbate inflammation.
These populations include resident macrophages or KC, circulating macrophages, neutrophils, natural killer (NK) and natural killer T (NKT) cells [6, [54] [55] [56] [57] . Many inflammatory cytokines, such as TNFα, IL-1β, monocyte chemoattractant protein-1 (MCP-1) and IL-6 are also produced in and outside the liver. Alcohol increases neutrophil recruitment to the liver, which is easily detectable by up-regulation of neutrophil markers Lymphocyte antigen 6 complex locus G6D (Ly6G), Myeloperoxidase (MPO) and E-selectin [54] .
The contribution neutrophils make to ALD is in the production of harmful mediators they release after their recruitment such as H 2 O 2 , elastase, chloramine and proteinase-3. Increased expression of toll-like receptors (TLR) 4, 2 and 9 influence neutrophil dysfunction without any effect on phagocytic activity [58] . These receptors signal through a number of pathways including the myeloid differentiation primary response gene 88 (MyD88)-TRIF and interferon regulatory factor 3 (IRF3). All of them have been implicated in ALD as well as other liver diseases and seem to play distinct yet overlapping roles. In a study looking at mice null for Tlr2 and Tlr9, a significant decrease in the number of neutrophil-recruiting chemokines (C-X-C motif) ligand 1, 2 and 5 (CXCL1, CXCL2 and CXCL5) was observed [59] . Moreover, IRF3 has been found to contribute to ALD, inducing apoptosis via the up-regulation of Bcl2 associated X, apoptosis regulator in hepatocytes [60] , therefore linking endoplasmic reticulum stress signaling with hepatocyte apoptosis. Distinctly, IRF3 plays two separate roles in this situation with it being up-regulated in macrophages after stimulation by LPS, but also involved in the direct ethanol-induced apoptosis of hepatocytes [60] . Conversely, apoptosis can block neutrophil recruitment via a TLR2-and TLR9-mediated mechanism [61] , demonstrating that hepatocyte apoptosis in response to alcohol is a hallmark in ALD.
Besides neutrophils, other proteins involved in deleterious inflammation referred to as "alarmins" can amplify alcohol-mediated injury such as high-mobility group box 1 (HMGB1) [62, 63] , Mincle [64] , IL-1β, IL-1α, IL-33 [65] and S100 proteins [66] . These dual-function alarmins share conserved regulatory mechanisms, posttranslational modifications and enzymatic processing that govern their intracellular and extracellular function. They can either exert a beneficial cell housekeeping effect or provoke uncontrolled inflammation [67] . Thus, their importance in inflammation has to be highlighted in ALD [68, 69] .
Macrophages
Proinflammatory macrophages include KC and infiltrating bone-marrow and peritoneal monocytes. They are associated with recruitment of additional pro-inflammatory cells (including neutrophils), activation of myofibroblasts and hepatocyte apoptosis, production of cytokines and generation of ROS, all of which contribute to liver damage and disease progression. On the other hand, anti-inflammatory or restorative macrophages help break down extracellular matrix and favor disease resolution [70] . The macrophage/monocyte plasticity has been mainly studied in in vitro models that do not accurately mimic the complexity of the in vivo environment [71] .
In ALD, macrophages favor the inflammatory reaction and fibrosis. LPS translocates from the gut to the portal blood, enters the liver and activates TLRs and receptor for advanced glycation end-products (RAGE) receptors on KC and, to some extent, in HSC, causing an increase in fibrosis both indirectly by stimulating KC [72] to produce ROS, which in turn activate HSC [73] , or directly by activating HSC. Signaling via phosphatidylinositide 3-kinase (PI3K)/Protein kinase B (pAkt) and alarmins such as HMGB1 triggers and increases intracellular and extracellular collagen-I [74] . Thus, the gut-to-liver interaction plays a significant role in the setting of ALD.
Several molecules within the intestinal epithelium block bacterial translocation, reducing hepatic inflammation and steatosis. Osteopontin (OPN), an extracellular matrix protein whose expression is associated with steatosis, inflammation and fibrosis, protects by maintaining the epithelial barrier function, providing mucosal defense, preventing sepsis and the inflammatory response [75] . As a proof of concept, administration of milk-derived osteopontin prevented alcohol-induced liver injury by maintaining gut integrity and averting hepatic inflammation and steatosis [76] .
All of these events do not occur alone however. There is crosstalk between cells and organs allowing for the cumulative response and physiological manifestation observed in patients. The link between macrophages and neutrophils occurs early on in the response to injury [77] . Resident macrophages sense damage that has occurred to the liver and release chemokines, CXCL1 and macrophage inflammatory protein 2 (MIP-2) or (Chemokine (C-X-C motif) ligand 2, CXCL2) [1, 78] . These are produced through the activation of the TLRs and can be produced through both the MyD88 and TRIF pathways, though CXCL1 can only be produced by the MyD88 pathway [79] . Li et al. [80] [81] [82] have proposed that MyD88 can activate the transforming growth factor β (TGFβ)-activated kinase 1 (TAK1) and mitogen-activated protein/extracellular signal-regulated kinase (ERK) kinase kinase 3/nuclear factor kappa B (NFκB) dependent signaling pathways, suggesting that TLR-dependent macrophage activation links alcohol-induced cell death to subsequent inflammatory responses in ALD.
The Inflammasome
Inflammasomes are cytoplasmic multiprotein complexes that can sense danger signals from damaged cells and pathogens and assemble to mediate caspase-1 activation [83] , which proteolytically activates IL-1β and IL-18 [84] [85] [86] , as a result of tissue damage or cellular stress. The dogma is that the inflammasome requires two signals for full activation. The first is believed to be through TLR4 and TLR9, both sensitive to a number of direct ligands including LPS, DNA and HMGB1. The second signal appears to derive from injured cells (hepatocytes e.g., host DNA) that stimulate caspase-1 activation [87] .
However, the role of the inflammasome in the development and progression of ALD deserves further exploration since inflammation is a central component not only in ALD, but also of most chronic liver diseases and contributes to progressive liver damage. Several members of the nucleotide-binding and oligomerization domain and leucine-rich-repeat-containing proteins (NLR) family exhibit inflammasome activity, including NLRP1, NLRP3, NLRP6 or NLRC4. The relevance of NLRP3 in liver disease has focused on the mechanisms limiting inflammasome activation and on pharmacological targeting of NLRP3 [88] , as it is involved in ethanol-induced liver injury by driving liver inflammation and neutrophil infiltration [89] .
Since IL-1β and IL-18 are pleiotropic cytokines produced by activated NLRP3 in macrophages that affect inflammatory and immune responses and have an important influence in the pathogenesis of many acute and chronic inflammatory diseases [90] [91] [92] , including ALD, identifying the mechanisms driving activation of the inflammasome either directly in HSC, KC and hepatocytes, or indirectly through cell death and increased exposure to pathogen-associated molecular patterns (PAMPs), would be critical to advance the field of research on ALD.
After alcohol-exposure, KC-derived IL-1β production, likely triggered by NLRP3 activation, recruits and activates hepatic invariant NKT cells, subsequently promoting liver inflammation, neutrophil infiltration and ALD [89] . Indeed, the inflammasome is highly activated in the ascitic fluid of cirrhotic patients, which may explain the exacerbated inflammatory response observed in these individuals under non-infected conditions [93] . Thus, emerging evidence suggests that both KC and inflammasome activation contribute to the pathogenesis of ALD.
PAMPs and Damage-Associated Molecular Patterns
Multiple receptors can sense PAMPs and Damage-Associated Molecular Patterns (DAMPs) to activate inflammatory cascades. PAMPs are mostly derived from the gut, due to alterations in gut microbiota composition and/or increased intestinal permeability [94] . DAMPs are mostly derived from damaged cells and include HMGB1, adenosine triphosphate (ATP), uric acid, cholesterol crystals, DNA fragments and fatty acids. The abundance of each DAMP is dependent on the type of injury and metabolic events [95] . For example, uric acid and ATP are required for activation of the inflammasome and IL-1β production for the development of inflammation in AH [96] . Moreover, exposure of hepatocytes and KCs to cholesterol crystals have been suggested in the NLRP3 activation during hepatic inflammation [97, 98] . However, a subset of activators has emerged as effector molecules of liver damage such as HMGB1.
HMGB1 was discovered over 30 years ago, as an endogenous inflammatory mediator and now serves as a prototype for the class of inflammatory activators tagged as "alarmins" [99] . HMGB1 is a key mediator of inflammation, macrophage proliferation, TNFα production and collagen-I deposition. Among other receptors, HMGB1 binds to TLRs and RAGE, both of which are implicated in liver disease [100, 101] . HMGB1 is secreted in response to tissue injury or local and systemic inflammatory responses [102] and drives the profibrogenic response to liver injury [103, 104] . Thus, it has been proposed that, during fibrogenesis, hepatocytes and KC increase and secrete [105] HMGB1 that acts either as an autocrine signal targeting themselves, creating a feedback loop, or as a paracrine signal targeting hepatic stellate cells.
HMGB1 can be released either passively by dying cells or actively during an inflammatory response [99] and from LPS-activated macrophages during sepsis [106] . It is normally found in the nucleus but can undergo post-translational modifications and, as a result, it translocates to the cytosol and is ultimately secreted. HMGB1 has been directly linked to the pathogenesis of ALD. Looking at both human samples and mouse models, the Nieto Lab found that HMGB1 was increased in disease progression and ablation of Hmgb1 in hepatocytes protected from ALD in mice [107] , suggesting that HMGB1 could be a pivotal regulator and perhaps a biomarker of liver injury. Likewise, a novel HMGB1 neutralizing chimeric antibody has been shown to attenuate acetaminophen-induced liver injury and post-injury inflammation in mice [99] , demonstrating that HMGB1-specific therapy reduces toxicity and inflammation in acute liver injury and in chronic liver diseases.
Not only HMGB1, but also a large number of molecules and receptors, are involved in this process and therefore could be potential therapeutic targets in ALD. The TLR family of receptors is known to be involved in the inflammatory response. Additionally, the N-methyl-D-aspartate (NMDA) receptor has recently been found to be involved after resident macrophages of the liver were found to express it and, when activated, it suppresses pro-caspase-1 and pro-IL1-β to block inflammation [108] .
Conclusions
The American Association for the Study of Liver Diseases and the European Association for the Study of Liver Diseases guidelines recommend corticosteroids as the first-line treatment in severe alcoholic hepatitis and pentoxifylline as the alternate in patients with ongoing infections or acute renal failure [109] . Still, they both recognize that current treatment options for patients with severe forms of AH and those who do not achieve abstinence, are suboptimal. Likewise, fine-tuning the inflammatory response in ALD and the lack of preclinical mouse models that recapitulate the inflammatory component of human ALD are current challenges in the field. Different mediators such as ROS, iron, neutrophils, inflammasome components, DAMPs and PAMPs have a central functional role in the pathogenesis of ALD (Figure 1 ). In parallel, relevant conditions such as gut leakiness [110] , dysbiosis [111] and endotoxemia [112] factor into the pathogenesis of ALD and need to be thoroughly studied. Besides the progress in improving the quality of life in patients with ALD, there is still a pressing need to develop therapeutic interventions to abrogate the proinflammatory effect of antigens, bacterial-derived products and proinflammatory cytokines. (1) Aging and being a female enhance the vulnerability to ALD; (2) Lipopolysaccharide (LPS) translocation from the gut to the portal blood, which activates Kupffer cells (KC) to produce tumor necrosis factor α (TNFα), interleukin (IL)-1β and IL-18 via Toll-like receptors (TLRs) and other receptors still to be determined; (3) increased neutrophils and infiltration of bone marrow-derived macrophages that induce lipid peroxidation and hepatocyte steatosis, necrosis and apoptosis; (4) alcohol metabolism generates reduced nicotinamide adenine dinucleotide (NADH), which stimulates synthesis of excess fatty acids contributing to steatosis; and (5) iron deposition in the liver, which increases reactive oxygen species (ROS) production, leading to a proinflammatory microenvironment, therefore enhancing the severity of ALD. ATP: adenosine triphosphate; DAMPs: damage-associated molecular patterns; PAMPs: pathogen-associated molecular patterns.
